Impaction allografting of bone has been used successfully as a technique to reconstitute bone loss in both the femur and acetabulum in revision total hip replacement (THR) since the pioneering work of the groups in Nijmegen, 1 The Netherlands, and from Exeter, 2 England. The procedure involves progressive compaction of morsellised cancellous bone chips into the femoral canal or acetabular cavity. The prosthesis is then cemented in place, creating a three-layer composite of implant, cement and graft. Longterm outcome studies report a wide variation in results, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] some as high as 100% survival at 10.4 years, 3 others as low as 28% survival at 15.3 years. 4 There are many factors responsible for this variation which can be broadly grouped as follows; the aetiology of failure of the primary THR, the degree of osteolysis, implant choice, surgical technique and bone graft. The purpose of this review is to discuss the current scientific understanding of the influence of the bone graft.
Source
The raw material for impaction grafting is most commonly a whole femoral head received from a live donor at the time of primary THR. Cadaver bone is also procured but is more commonly used for the production of freeze-dried bone. 12 Whole cadaver femoral heads could be used, but polymerase chain reaction testing for HIV would be needed in the absence of a quarantine period. The mechanical properties of bone from these two sources may be different but there are no data available on this subject. Xenograft bone has occasionally been used in impaction grafting but with poor results. 13 The increasing demand for femoral heads for revision THR has not been met with an increase in supply 14 and, therefore, the possibility of using cadaver allograft and xenograft may be an option that requires further investigation.
Donor selection and sterilisation techniques
Most fresh-frozen femoral head allografts are not formally sterilised. Microbiological screening is performed, and stringent donor selection tests are in place under the guidelines issued by the UK Blood Transfusion Services. 15 Absolute contraindications relevant to bone donation are summarised in Table I . Guidelines require that donors undergo screening blood tests (Table II) . Donated bone is then quarantined for six months, followed by further serological testing of the donor. This reduces the risk of a false-negative result from the initial test, if the patient was infected but had not yet sero-converted. There have been four cases worldwide of HIV transmission via non-processed bone allograft 16, 17 and four cases of hepatitis C virus transmission. 18 With the use of a six-month quarantine period, the theoretical risk of viral transmission of HIV is less than one in a billion and the risk for hepatitis C is one in two million. 19 The risk of transmission from processed bone is lower still.
Formal sterilisation using either gamma irradiation or ethylene oxide gas is used by some groups. 20 Gamma irradiation (at least 25 kGy) can be used to sterilise whole femoral heads, or in combination with freeze-drying of smaller fragments of bone. 21 Gamma irradiation at clinically-relevant levels (25 kGy) has no effect on the mechanical properties of frozen unprocessed human cancellous bone 22 but irradiation at a higher dose of 60 kGy was found to reduce significantly the compressive failure stress and the elastic modulus. Irradiation at room temperature increases the damage to bone by free radicals released from water; these are more immobile when bone is irradiated in the frozen state. 23 The effect of irradiation on freeze-dried bone is different. A dose of 25 kGy in combination with freeze-drying has been shown to reduce the ultimate strength by 42.5%. 24 Irradiation of unprocessed femoral heads has also been shown to produce altered lipids from the marrow that are cytotoxic to osteoblast cultures, 25 which may have an impact on bony ingrowth into a graft and long-term survival.
Recent clinical outcome studies 9,26 using fresh-frozen irradiated graft have had accept-able results. A report on acetabular reconstruction found a survivorship of 88% at a mean of five years follow-up in 123 patients. A similar study of femoral impaction grafting reported 96% femoral component survival at 27 months in 57 patients. 9 However, the authors expressed concern at the rate of subsidence greater than 5 mm (19.5%) and a lack of graft incorporation as evidenced by an absence of trabecular remodelling.
Ethylene oxide gas sterilisation can penetrate bone but is used less frequently in the United Kingdom than in other European countries. 20 It has been shown in bone chamber models that bone incorporation is reduced in ethylene oxide treated grafts 27 but this remains a matter of controversy. 28 Ethylene oxide is also potentially carcinogenic 29 and residual gas can cause an inflammatory reaction in the recipient. 30 A medium-term follow-up of ethylene oxide sterilised freeze-dried allograft in acetabular revision reported only one revision for aseptic loosening in 21 cases at a mean 5.83 years, although 62% did show significant acetabular component migration.
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Preservation of bone graft
Bone is either fresh-frozen and stored at -80˚C or freezedried and subsequently stored at room temperature. Freezedried cancellous allograft is known to have inferior mechanical characteristics compared with fresh-frozen bone 22, 32 and is rarely used in impaction allografting. In vitro compaction studies comparing freeze-dried irradiated allograft with fresh-frozen, have shown that both types of graft reach the same maximal stiffness of 55 MPa, but the freeze-dried bone required three to four times fewer impactions to reach this level. 33 In a separate study, the same authors showed less subsidence in a full hip simulator model with freeze-dried graft. 34 Benefits may include a reduced risk of femoral fracture because of the lower impaction energy required and a reduced risk of disease transmission. Caution is required when interpreting these studies however, as the fresh-frozen graft was not rinsed of bone marrow, a factor which can greatly influence the compactability and stability of the graft. Only two clinical reports detail the results of this type of graft. The first, a very short-term study, documented no failures at a mean follow-up of 14 months in 40 femoral revisions. 35 In addition, the authors used bone scintigraphy in nine patients and found high levels of new bone formation around the prosthesis. The second, a medium-term outcome study of both femoral and acetabular revisions in 32 patients showed a 91% survivorship with all failures on the acetabular side. 36 
Graft preparation
Achieving high initial stability of the impacted graft is of paramount importance because an unstable graft will subside and graft incorporation will not take place. Impacted bone graft may behave like an aggregate and as such, the mechanics can be described by the Mohr-Coulomb equation 37 τ = I + σ tan ϕ , where τ is the shear strength of the aggregate, I the interlocking between particles, σ the normal stress applied and ϕ the angle of internal friction. These relationships underpin the principles of soil mechanics. Explained simply, the resistance to shear is proportional to the interdigitation between particles and the force directly compressing the aggregate. There may be a difference in the significance of soil mechanics to the femur and acetabulum. The forces at the acetabulum are largely compressive (normal) resulting in high shear strength. However, in the femur most force is directed along the axis of the implant with only smaller hoop stresses contributing to the normal stress, leading to lower shear strength and increasing the importance of interlocking between particles.
Experimental evidence points to two schools of thought regarding the optimal size of allograft chips. Work from the Nijmegen group 38 has shown that large (8 mm to 10 mm) unrinsed cancellous chips produced by hand with a rongeur achieved 25% greater stability in a dynamic in vitro acetabular model than smaller (2 mm) unrinsed chips produced with a bone mill. A similar acetabular study confirmed the greater stability of larger chips over smaller chips, both produced with a bone mill. 39 Extrapolation of the results from acetabular studies to the femoral side must be done with caution because the relative importance of resistance to shear is greater in the femur, and shear resistance may not necessarily be greater for larger particles. Only two studies of the effect of bone chip size on femoral stability are available in the literature. 40, 41 Both of these in vitro studies showed superior stability in constructs using graft chips of at least 4.5 mm. The maximum size of chips used in femoral grafting is limited by the ability to insert the chips between the phantom prosthesis and the femoral cortex. Kuiper et 42 investigating the compactability of graft produced with various bone mills, concluded that larger particles require less impaction to reach a similar stability than smaller particles. However, this conclusion must be differentiated from stability of the whole construct, in which resistance to shear rather than pure compression is paramount. The second school of thought with regard to particle size is that a well-graded mixture of different-sized particles will produce an aggregate with a higher shear resistance than an ungraded mixture. This theory can be represented by a pyramid of spheres with the spaces between the spheres filled by ever smaller spheres. The ideal distribution of particle sizes has been mathematically determined and can be represented with an ideal curve 37 (mostly large particles by volume, but also smaller filler particles). Pure shear testing of impacted grafts from different bone mills has confirmed that grafts with a grading closer to this ideal achieved higher shear strength. 43 The maximum size of particles in this study was just over 4 mm and no comparison was made with the hand-produced 'croutons' commonly used in acetabular impaction. Producing a graded mixture of graft may, however, not be as important as these studies suggest, as there is an assumption that the impacted bone continues to behave as an aggregate once the prosthesis is cemented in place. This may not be entirely the case because the cement in effect creates a solid layer of bone at the graft-cement interface, hugely increasing the constant I in the Mohr-Coulomb equation. 37 This then reduces the significance of the second part of the equation and enables the construct to act more like a solid. Moreover, if large particles of a size approaching the graft mantle thickness are employed, the cement will turn the graft into an effective solid. Using a well-graded mixture may also hamper bone ingrowth into the graft by filling up all the spaces between particles. There have been no whole-construct studies comparing graded mixtures with ungraded mixtures. Moreover there have been no clinical trials of differing sizes of impacted particles.
Rinsing of graft
Washing the graft has been shown to improve the shear strength of compacted allograft. 44 The mechanisms for this are twofold. First, the removal of fat and marrow fluid reduces the lubrication of particles, thereby increasing frictional resistance. Secondly, removal of fat before compaction increases the compactability of the graft, allowing greater interdigitation between particles. These advantages have been borne out in a whole-construct model of femoral impaction grafting in bovine femora and during in vivo human studies. 45 The authors reported a statistically-significant reduction in subsidence with rinsed graft compared with non-rinsed graft. Similar improvements in stability have also been demonstrated in an acetabular model. 39 In this study, the force required to tilt the acetabular component by 16˚ increased from 3450 N to 7000 N when the graft was rinsed with saline before impaction. Rinsing of allograft with saline has also been shown to improve bone ingrowth in bone chamber models of impacted allograft in goats. 46 Similar results have been found with solvent defatted allograft in non-impacted bone chamber models in rabbits. 47, 48 It is not clear whether this increased ingrowth is secondary to the more porous nature of rinsed bone or whether there is some form of biological inhibition from the marrow. Rinsing the graft also removes most of the marrow, allowing a reduction in the immunological load to the patient. Allograft produces an immunogenic response to the graft 49 and most antigenic cells are found in the marrow. 50, 51 Furthermore, the risk of disease transmission is lessened with removal of marrow and cells. 52 The most effective method of washing the graft has not yet been determined.
Cemented and uncemented
In vitro studies have shown impaired mechanical stability in uncemented femoral impaction grafting when compared with cemented techniques. 53 Outcome studies have clearly shown poor results with uncemented prostheses in combination with impaction grafting. On the acetabular side, a 40% revision rate for aseptic loosening was observed at 15 years in 30 hips revised with a non-porous uncemented acetabular component. 4 Results from the Norwegian Arthroplasty Register indicate that failure rates are highest in revisions performed with uncemented implants and impaction grafting. 8 The better results from cemented impaction grafting are probably explained on the basis of the cement producing a solid layer of graft that greatly reduces the potential number of shear planes within the graft, leading to high initial stability and subsequent ingrowth and remodelling. A discussion on the results of the numerous different implants available is beyond the scope of this review.
Method of impaction
Femoral impaction technique is relatively standardised following the introduction of instrument systems such as the X-Change system (DePuy, Warsaw, Indiana). However, deciding when the construct has reached adequate stability remains largely a matter of experience. One study has suggested the use of a modified torque wrench to assess rotational stability of the femoral phantom. 45 They suggest that adequate stability has been achieved if the stem can resist a torque of at least 13.6 Nm. In vitro studies have shown that the mechanical stability of impacted graft is related to the density, and hence compaction, of the graft, 42 reinforcing the need for vigorous impaction as suggested by Gie et al. 2 It should be remembered, while undertaking the impaction, that the stiffness of the graft increases logarithmically up to approximately 30 impactions 54 with little increase in stiffness after this. Care must be taken because over-impaction in a weak femur can lead to intra-operative fracture. With regards to acetabular impaction, an in vitro experiment comparing standard metal impactors and a hammer with a reversed reamer technique showed the former to produce a more stable construct when dynamically tested.
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Cartilage remnants. The inclusion of articular cartilage from the femoral head in the milling process has been shown to prevent the efficient impaction of morsellised graft, probably because of its elastic nature. 54 This confirms that cartilage must be removed before milling.
Additives to graft
There has been considerable interest in graft additives to improve allograft incorporation. Bone morphogenetic protein-7 (BMP-7) or osteogenic protein (OP-1) has been shown to increase bone ingrowth in bone chamber models. 56 However, the density of the new bone may be reduced because of an increase in resorption. 57 An animal study of femoral impaction grafting with additional OP-1 showed improved initial graft resorption and hastened graft incorporation and remodelling. 58 However, there was one case of excessive stem subsidence in the OP-1 group, suggesting the possibility of increased early graft resorption reducing mechanical stability. A weight-bearing animal model of impaction grafting showed that weight-bearing increased graft remodelling but this was not further enhanced by additional OP-1. 59, 60 The action of bisphosphonates on impacted allograft has also been studied. Aspenberg and Astrand 61 showed in a bone chamber model that the addition of alendronate (a bisphosphonate) prevented graft resorption but allowed bone ingrowth. Furthermore, the combination of OP-1 and bisphosphonate (clodronate) increased final graft density and bone ingrowth. 62 No human studies using these additives are present in the literature. Demineralised bone matrix is an allograft material that is known to contain BMPs. 63 One recent study of 20 uncemented acetabular revisions using a pre-packaged graft substitute containing small bone chips and demineralised bone matrix reported only one failure because of aseptic loosening at a minimum follow-up of two years. 64 It is clear that biological enhancement of allograft is a technique in the early stages of development and further research in this area is needed.
Bone graft extenders
The concept of adding material to bone allograft is attractive because it reduces dependency on donor supply and raises the possibility of improving the biomechanics of the graft. The shear strength of impacted bone graft has been shown to increase with the addition of small bioglass particles. 43 This is in agreement with the soil mechanics theory of graft stability and the filling of small gaps between particles. A reduction in migration of the acetabular component by 27% and 55% was seen in an in vitro acetabular model when a tri-calcium phosphate and hydroxyapatite (HA) mixture was added to human allograft in porous and solid phases respectively. 55 In vitro models using human cadaver femora have also shown increased mechanical stability with a tricalcium phosphate/HA allograft extender, but worringly also reported a higher risk of iatrogenic femoral fracture. 65 An animal model of femoral revision using supplementary tricalcium phosphate/HA mixtures showed no statistically significant differences in loosening or subsidence rates at 18 months. 66 Graft incorporation of tricalcium phosphate/HA particles has been observed in a goat model of contained acetabular deficiencies reconstructed with a 50/50 mixture of cancellous bone and tricalcium phosphate/HA granules. 67 Although the mechanical stability may be improved with these extenders, the biological aspects of the graft incorporation and remodelling have yet to be fully studied. A denser graft may reduce cement penetration and also reduce ingrowth and lead to greater failure. A further concern is the possibility of third-body wear of the articulating surface by the tricalcium phosphate/HA particles.
Graft incorporation
The short-term success of revision arthroplasty with impaction grafting is related to the initial stability of the construct. However, the long-term outcome will depend on whether a lasting bond develops between the graft and the host. It is not known how much incorporation is necessary for long-term success or indeed how long the process of incorporation takes. Histological retrieval analysis has confirmed that remodelling does occur with gradual but variable ingrowth. [67] [68] [69] [70] [71] Studies using positron emission tomography have shown that the initial increase in blood flow and bone remodelling following surgery reduces to baseline levels by one year, implying that incorporation is complete by this stage. 72 However, an appraisal of bone incorporation employing bone scintigraphy reported that the uptake became normal two to three years after surgery, demonstrating that slower remodelling continues for a considerably longer period. 73 The rate of incorporation may be related to the porosity of the impacted bone. A study comparing bone ingrowth into compacted and non-compacted graft in a bone chamber showed that increasing compaction reduces ingrowth. 74 
Conclusions
Impaction grafting in combination with cemented implants for revision surgery of the hip has been demonstrated as a successful technique by many authors. [1] [2] [3] 5, 6, 10, 75 The success of this method depends upon achieving adequate initial stability followed by a biological response of graft incorporation and remodelling. Manipulation of the graft to improve one of these factors may be detrimental to the other. The ideal graft has not yet been defined. Fresh-frozen femoral heads are the most frequently used, but concern remains over the potential for transmission of disease and the ability to maintain an adequate supply of graft. The ideal size of bone chips for the acetabulum has been well defined but evidence on the femoral side is less certain. Washing the graft has been shown to be beneficial but the most efficient method has not been established. Graft incor-poration and remodelling has been demonstrated histologically but in vivo methods of monitoring these are limited to bone scintigraphy and positron emission tomography scanning. Less invasive and more sensitive methods of monitoring remodelling would be useful.
Impaction grafting is likely to remain one of the preferred options for revision hip replacement surgery. Further work is needed to define the most appropriate production and processing techniques of the graft in order to generate a mechanically stable construct conducive to biological incorporation and remodelling.
